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OBJECTIVES 
The objectives of this res earch are: 
1. To des ign and develop a system which will measure the 
integrated water vapor content over path lengths up to one 
kilometer. 
2. To construct a system embodying the results of the 
theory and design study for field use. 
3. To provide the output data in a form readily adaptable to 
automatic data recording and reduction n'1ethods. 
3. To provide the output data in a form readily adaptable to 
automatic data recording and reduction n'1ethods. 
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APPROACH 
The methods used to accomplish the objectives are briefly 
de scribed below. 
The measuring system is composed of two parts, one of which 
is located at each end of the path over which the measurement is 
to be made. These two parts are henceforth called the source and 
receiver. The source consists of a tungsten ribbon filament bulb, 
a mechanical light chopper (a disc with hole s rotated by a motor) 
and a collimating optical system. The receiver contains the optical 
lenses and bandpass filters, detectors for data and synchronous 
rectifier systems, amplifiers, gain controls and output circuitry. 
The source radiates a chopped light beam which undergoes 
receiver. The source consists of a tungsten ribbon filament bulb, 
a mechanical light chopper (a disc with hole s rotated by a motor) 
and a collimating optical system. The receiver contains the optical 
lenses and bandpass filters, detectors for data and synchronous 
rectifier systems, amplifiers, gain controls and output circuitry. 
The source radiates a chopped light beam which undergoes 
selective attenuation as it passe s through the atmosphere. Some 
indication of the nature of this attenuation is sho'wn in the smoothed 
curve of atmospheric transmission VS. wavelength shown in Figure 1. 
Data for the plot of Figure 1 were taken from VlTyatt, Stull and 
Plass (1964). The attenuations shown are for a path length containing 
two precipitable centimeters (pr cln) of \vater vapor. Such a 

1. 135jJ. 
)01 
.002 .005 .01 .02 • 05 o. 1 .02 • 05 o. 1 0.2 0.5 1.0 2.0 
WATER VAPOR b pr em WATER VAPOR b pr em 
Figure 2. Absorption vs precipitable em of vn vs precipitable em of water vapor for 
var ious wavelengths. wa velengths . -.J 
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At large values of water vapor concentration a slight correction 
for absorption in the reference channel shol..ud be 'made before making 
the comparison. 
The operation of the system is thus to measure at the receiver 
the relative incident radiant intensity in two bands of the infrared 
spectrum and deduce from this relationship the amount of precipitable 
water in the intervening path from the source to the receiver. 
Details on the technical characteristics of both the source and the 
receiver, and additional information on the atmospheric n~edium 
are given in subsequent sections. 
are given in subsequent sections. 
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THEORETICAL DISCUSSION AND SYSTEM DESIGN 
The Atmosphere 
Constituents 
The earth1s atmosphere is composed of gases and aerosols. 
Some authors classify aerosols only as the lTIOre minute particles 
and thus exclude such elements as hail, dust, snow and fog. In 
any case the atmosphere can be examined in terms of its gaseous 
and non-gaseous constituents. 
Atmospheric Gases 
and tnus exclude such elements as -iiail,- dust,4 snow and fog. In 
any case the atmosphere can be examined in terms of its gaseous 
and non-gaseous constituents. 
Atmospheric Gases 
Four main gases are found in the atmosphere in practically 
constant amounts and distribution, particularly in the lower levels 
(belovv 10 km). These four are nitrogen (75. 530/0), oxygen (23. 140/0), 
argon (1.28%) and carbon dioxide (.045%), Campen, et al (1957). 
The reInaining significant gas (water vapor) has large variations 
in both concentration and surface distrl bution. "Vater vapor is the 
i""'t."Y'III1-r,.. ~+~""",..,...,.1""'''''-M-:''' ,..,,, _ ~ __ t.....:t....!",..: __ _ ! __ !~! ___ .... _.1...1. __ .. __ .&.: __ 1-__ ..3_ !-
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water vapor absorption. Starting at 2. 7 IJ. and beyond, carbon 
dioxide attenuation bands are intermixed with water vapor bands 
and at longer wavelengths other atmospheric gases also produce 
attenuation bands so that only those bands shown in Figure 1 (plus 
possibly the one at 0.91 ll) are practical for use in this measurement. 
Atmospheric Aerosols and Other Particles 
In addition to the atmospheric gases described above, the 
atmosphere contains varying amounts of particles widely distributed 
in both size and concentration. vVhile none of these components 
exhibit selective absorption in the region of interest, all of them do 
produce nonselective attenuation. This attenuation is produced as 
well in the visible region so that the presence and effect of many of 
these oarticles is comm.onlv exnerienced... The most common of 
atmosphere contains varying amounts of particles widely distributed 
in both size and concentration. vVhile none of these components 
exhibit selective absorption in the region of interest, all of them do 
produce nonselective attenuation. This attenuation is produced as 
well in the visible region so that the presence and effect of many of 
these particles is commonly experienced. The most common of 
these particles are dust, smoke and atmospheric water in other than 
gaseous form, such as clouds, fog, rain, hail and snow. 
Since the presence of these particles produces a uniform 
attenuation in both the absorption band (1.39 IJ.) and the reference 
band (1.69 l-L), the effect can be eliminated by introducing additional 
ain in the electronic circuitr to restore the reference si nal to 

cannot be made during violent dust storms or varying hail, rain 
or snow stor:rns. 
Other Atmospheric Variables 
Gusty windstorITlS can also produce rapid random variations 
in the water vapor content and make the acquisition of data difficult. 
The time constant of the integrating circuit can be increased to 
eliminate this fluctuation; however, this will also smooth out 
variations indicative of the varying moisture content and such 
data may be desirable. 
Additional fluctuations in the intensity of the signal arriving 
at the receiver are produced by heat waves in the measurement 
path. Here again, the effect is non- selective and can be reduced 
by proper selection of the electronic integration time constant. 
variations indicative of the varying moisture content and such 
data may be desirable. 
Additional fluctuations in the intensity of the signal arriving 
at the receiver are produced by heat waves in the measurement 
path. Here again, the effect is non- selective and can be reduced 
by proper selection of the electronic integration time constant. 
11 
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The Optical S ys tern 
Light Source Optics 
To provide the longest path passible at the highest efficiency, 
it is desirable to concentrate the radiant energy from the source, 
which is a GE 18 A/Tl0/ZP-6V microscope illuminator lamp with 
2 
an area of O. 13 cm. The radiation from the filament is collected 
by a collimating mirror of 45t-inch focal length (115.7 cm) and an 
area of 81 cm2• In Figure 3 the light source may be seen near the 
front end of the system. Radiation from the filament is first chopped 
by a rotating disc, then passes into the tube where a flat 45-degree 
mirror reflects it back to a collimating mirror. Since the radiation 
cLU CU.-~d. U.1 v • .1,;) \,;Ill. ~ne raOl.a"{;lon .Irorn -.:;ne .Iuarnen"{; l.S cOJ.J.ec-.:;eu 
by a collimating mirror of 45t-inch focal length (115.7 cm) and an 
area of 81 cm2• In Figure 3 the light source may be seen near the 
front end of the system. Radiation from the filament is first chopped 
by a rotating disc, then passes into the tube where a flat 45-degree 
mirror reflects it back to a collimating mirror. Since the radiation 
source is located at the focal point of the mirror, the light reflected 
from the mirror is nearly collimated. The beam cannot be perfectly 
collimated because the filament is not a point source. 

Figure 3. Photograph of light source system. 
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Figure 8. Photograph of the receiver showing optical co:mponents. 
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receiver from this source is given by Equation (1). 
where 
I:J S t 1· d· t '1 •• -2 ':1." = pee ra' lrra lance a "Cne recelvel'" Ul "~vatts em 
N" = spectral radiance in the bandwidth of each of the optical 
filters in watts cm-2 ster- 1 f.L-1 
6/\ = bandwidth of the filter in j.l. 
E = emissivity of the tungsten filament (a numeric) 
t f = transmission factor of the optical filter (a numeric) 
A area of the reflecting mirror at the source in cm 2 = m 
20 
(1) 
F" = atmospheric water vapor transmission factor (a numeric) 
Xz = path length from the reflecting mirror to the receiver in cm. 
E = emissivity of the tungsten filament (a numeric) 
t f = transmission factor of the optical filter (a numeric) 
A area of the reflecting mirror at the source in em Z = m 
F" = atmospheric water vapor transmission factor (a numeric) 
Xz =: path length from the reflecting mirror to the receiver in cm. 
The derivation of Equation (1) is given in Appendix A as Equation (4a). 
Values of N" and E given in Table 1 were taken from Pivovonsky 
(1961); A, 6" and tf are provided by the filter manufacturer. 

Table 1. Tabulation of constants in Equation (1). 
A 61\ t f N E A 6.'At~AEAm 
"2 -1 (c~) (IJ.) fiL) (w cm- lJ. ) (w) 
1.69 o. 1 0.50 Z.87xl0+ 1 0.28 81 31.4 
1.39 .. o. I 0.40 3.S7x10+ 1 0.31 81 35.8 
After evaluating the constant terms of Equation (1), it can be 
written as two separate equations, one for the reference channel, 
and one for the data channel 
reference channel 1\ = 31.4 F" 2 
:r 2 (crn) 
After evaluating the constant terms of Equation (1), it can be 
written as two separate equations, one for the reference channel, 
and one for the data channel 
reference channel 1\ 
31.4 F" 
= 2 
:r 2 (crn) 
~ 
35.8 F" 
= 2 
r 2 (em) 
data channel 
The value of F" is directly (but not linearly) proportional to 
the amount of water vapor expressed in pr cm. 
(2) 
(2) 
(3 ) 
For an entire absorption band the value of F is given by Howard, 
at al (19S6) as: 
21 

and 5' Vl A d v v 
vI 
= C + D log W + K log (P+ p) for large values of 
total absorption. 
The values of the constants and exponents vary from band to 
band. For the 1.39}.L band of interest here the equations are given 
as: 
S Vz A d = 163 wi (p+p)3 v v 
VI 
and 
A d 
v v 
= 202 + 460 log W + 198 log (P+ p) 
when 
W is the water content in pr cm 
ana 
A d 
v v 
= 202 + 460 log W + 198 log (P+ p) 
when 
W is the water content in pr cm 
P is the total pressure 
p is the partial pressure 
v 2 and v 1 are band limits in cm-
1 (in the case 6500 to 8000) 
A is the incremental absorption 
V 
It is pointed out in the above reference that for measurements 
22 

less than 5% of the total pressure. 
Data on the maximum and minimum sea level atmospheric 
pressures experienced on the face of the earth, Campen et al (1961), 
indicate that these variations will change the total absorption by only 
.±. 0.20/0. Since these extremes are found at different sites, the 
variation noted above would never be encountered at a given location 
and, therefore, it is concluded that pres~ure will enter the equation 
only as another constant term. Using the standard sea level value 
(760 torr) the two equations for absorption can be written as: 
s 1 A d = 1190 W2 v v 
SAy d
v 
= 772+ 460 log W 
s 
-- --.L-~---- ~--- -- ... --- .... ---- --. 
1 
A d = 1190 W2 
v v 
SAy d
v 
= 772+ 460 log W 
These absorptions have the dimensions of reciprocal centi-
-1 
meters (em ). In order to convert them to percent values, they 
23 
must be divided by the wavelength interval, over which the attenuation 
was measured. For the 1.39 .... band the wavelength interval extended 
-1 from 6500 to 8000 cm • The transition point between the "weak" and 
S~ Av dv -1 11 strong" equations is at a value of = 200 cm or when 
')nn 

24 
are calculated, the equations given above cannot be used to predict 
the exact absorption to be expected for a given concentration of 
water. They are useful, however, in demonstrating that, for the 
band chosen, the absorption depends only on the water vapor content 
for all practical cases. 
A more detailed look at a given absorption band will show that 
each band is composed of many different closely grouped narrow 
bands. These narrow bands are each produced by one of the many 
possible vibrational and rotational energy transitions allowed for 
the water molecules. In the 1.39-.... band there are 12 vibrational 
transitions although only four of these are strong enough to be significant. 
Values for FA are taken from Wyatt et al (1964). The values 
-1 in the reference were computed for 100 cm intervals so that it 
was necessary to average the required number of these intervals 
OJ -------------- --- .. - - ---
the water molecules. In the 1.39-.... band there are 12 vibrational 
transitions although only four of these are strong enough to be significant. 
Values for FA are taken from Wyatt et al (1964). The values 
in the reference were computed for 100 cm -1 intervals so that it 
was necessary to average the required number of these intervals 
to obtain the bandwidth of the filter. Averaged value s are shown in 
Table 2 for each filter and various water vapor concentrations. 
The data of Table 2 are plotted in Figure 9. It will be noted 
that the curves of Figure 9 indicate less absorption in the 1.39 tJ. 
range and more in the 1. 69-~ range than those of Figure 2. This 
is because a wider bandwidth corresponding to that of the filter was 

1. 691-L 
30F --- ------
75 
;0 1.391-L 
~5 
301 .002 .005 .01 . 02 . 05 O. 1 . 02 . 05 O. 1 0.2 0.5 1.0 2.0 
WATER VAPOR - pr cr WATER VAPOR - pr cm 
Figure 9. Values of F (percent transmissof F (percent transmission) vs precipitable 
water vapol'concentration. apol'concentration. 
N 
(J1 

be absorbed into the constant terms of the equation. However, 
in order to obtain information on what path lengths are feasible for 
various atmospheric conditions, data relating these factors are 
included in Figure 10. As can be observed from this figure, an 
increase in eithe r relative humidity or temperature will increase 
the water content for a given path length. 
Table 2. Averaged values of absorption for various values of water 
vapor concentration (F f). 
1.39 1.69 pr cm ±. 05 1.1 +.03 tJ. 
.001 0.976 1.0 
.002 0.956 1.0 
.005 0.911 1.0 
.01 0.856 1 .. 0 
1.39 1.69 pr cm 
+. 05 1.1 .±.03 tJ. 
.001 0.976 1.0 
.002 0.956 1.0 
.005 0.911 1.0 
.01 0.856 1.0 
.02 0.780 0.999 
.05 0.646 0.998 
O. 1 0.523 0.996 
0.2 0.390 0.992 
0.5 0.222 0.981 
1.0 0.119 0.966 
26 

3 4 5 6 7 8910 zo 30 40 50 zo 30 40 50 100 zoo 300 400 
PATH LENGTH - Metl PATH LENGTH - Meters 
Figure 10. Water vapor content vs. path]r vapor content vs. path length for various 
combinations of relative humvinations of relative humidity and temperature. 
1000 
N 
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Table 3 gives additional relationships for other values of 
relative humidity and temperature. These can be used to extend 
the data plotted in Figure 10, should that be desirable. Values 
taken from Table 3 and plotted in Figure 10 are underlined. 
Having established a relationship between water vapor content 
and path length for a given set of atmospheric conditions, it is now 
possible to calculate values of ~ expected at the receiver. The 
values calculated will have to be corrected for detector response 
a s indicated in Figure 7. 
To provide a theoretical sample calculation, two sets of conditions 
will be considered, one typical of laboratory conditions and the 
second representative of actual field conditions. For the laboratory 
calculation a path length of 30 meters is chosen as being reasonably 
easy to obtain and yet provides sufficient divergence of the light beam 
To provide a theoretical sample calculation, two sets of conditions 
will be considered, one typical of laboratory conditions and the 
second representative of actual field conditions. For the laboratory 
calculation a path length of 30 meters is chosen as being reasonably 
easy to obtain and yet provides sufficient divergence of the light beam 
to cover both data and reference lenses. This path would provide 
.06 pr em of water vapor at 800 F and 80% relative humidity, and 
attenuate the data signal to about 650/0 of the original (i. e., F" = O. 65 
at" = 1.39 and 0.998 at" = 1.68). 
The received signal would be (from Equations (2) and (3» 
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1 
ation of selected combinations of relative humidity, ~ns of relative humidity, dew point, temperature, and water vapor. 
100°F 80°F 
P. pr cm/m 3 D.P. pr cm/m 3 
% 
_11 
47 x 10 "- 80°F 2S x 10- 4 
77°F 23 x 10. 4 
73.SoF 20.Sxl0 -4 
69.SoF 18 x 10.4 
° 26x 10- 4 6S.SoF 15.Sxl0 -4 
° 24. S x 10 -4 60. 1°F 13 x 10- 4 
.3° 20x 10. 4 54° 10.5xl0 -4 
.2° 15 x 10.4 ° 46.4 F 8.1 x 10 -4 
° 10 x 10.4 36° S.2Sxl0 -4 
° 5.2 x 10 -4 21°F 3.1xl0 -4 
80°F 
D. :? pr cm/m 3 
SOcF 2S x 10- 4 
47°F 23 x 10. 4 
44(SOF 20.Sxl0 -4 
40.SoF 18 x 10.4 
37(SOF 15.Sxl0 -4 
32( 1°F 13 x 10- 4 
• 
-4 27. 10.5xl0 
c ° 21 4 F 8.1 x 10 -4 
I 
S.2Sxl0 -4 
I 
-4 F 3.1xl0 
SOoF 
D.P. pr cm/m3 
SOO 9. 1 x 10 -4 
47° 8.2 x 10 -4 
44° 7. 4x 10 -4 
40.So 6.5 x 10 -4 
37° 5. 8 x 10 -4 
32° 4.8 x 10 -4 
27.2° 3.9 x 10 -4 
21° 3. 1 x 10 -4 
32°F 
D.P. pr cm/m 3 
32° 
29.9° 
27° 
24° 
21° 
4.8 x 10 
4. 4x 10 
3.9xl0 
3. 5 x 10 
3. 1 x 10 
-4 
-4 
-4 
-4 
-4 
N 
..0 
-
I 

data f\= 
35.8 F <fA 
2 
v 2 (em) 
= 
35. 8xO. 65 
9x 106 
-6 -2 
= 2. S8x 10 watts em 
The value of the reference signal will not change as the water 
vapor content decreases; however, the data signal will increase to 
-6 -2 
a maximum of 4 x 10 watts cm for dry air. 
30 
For a representative set of field conditions let V z = 1 kilometer 
(100,000 em), with 80% relative humidity at 80°F. The precipitable 
water (from Figure 10) would be 2 cm. From Figure 9, the values 
for FA are found to be O. 94 for the reference channel and. 05 for 
the signal channel. Substituting these values and the given path 
length into Equations (2) and (3) gives 
refe renee channel f\ = 31.4x 0.94 
10 10 
-10 2 
= 30.4x 10 watts/em 
--- - A --- ------ -- --. , - .... --- --.......... - ------ ------ ------~--- ---- - - - ........ _-
the signal channel. Substituting these values and the given path 
length into Equations (2) and (3) gives 
31.4x 0.94 -10 2 
refe renee channel f\ = = 30.4 x 10 watts / em 
10 10 
data channel 35.8 x. 05 -10 / 2 f\ = 1010 = 1.79 x 10 watts em 
The figure s calculated above do not include the effect of the 
receiver optical system nor the relative response of the detector 
at the two wavelengths of interest. The receiver optics have the 
direct effect of increasing the signal at the detector by increasing 
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the detector the calculated values of ~ should be multiplied by 100. 
The relative response factors for the detector at the two wave-
lengths of interest is found frorn Figure 7 to be 0.95 for 1.39 fJ. and 
0.38 for 1.69 l-1- The relative detector outputs for the two cases 
calculated earlier are shown in Table 4, assuming a detector re-
sponsivity of 104 volts/watt. This figure is realistic, if not pessimistic, 
and suffices to show the relative values. 
Table 4. Expected relative detector output signals. 
Reference Channel 
Data Channel 
Laboratory Case 
30-meter Path 
BOoF 80% RH 
1.32 volts 
2.46 volts 
---.. ----- --------- -------- ----J.--- --0----- .. 
Reference Channel 
Data Channel 
Laboratory Case 
30-meter Path 
BOoF 80% RH 
1.32 volts 
2.46 volts 
Field Case 
1000-meter Path 
800 F 80% RH 
-4 11. 5 x 10 volts 
-4 1. 7 x 10 volts 
Field Case 
1000-meter Path 
800 F 80% RH 
-4 11. 5 x 10 volts 
-4 1. 7 x 10 volts 

Radiating Source 
A block diagram of the major components of the radiating source 
is shown in Figure 1 L 
Motor 
Control Box 
I Lamp 
~ 
l-
Collimat ing 
Optics I C 
\, Dis c with hole s for 
32 
High 
Beam 
chopping the light beam 
110 v 
Motor 
Control Box 
I Lamp 
~ 
l-
Collimat ing 
Optics 
I L 
---\, Dis c with hole s for 
High 
Beam 
chopping the light beam 
110 v 
60 cps 
Figure 11. Block diagram of the radiating source. 
The control box contains a variable transformer, step down trans-
formero reference voltap'e sonrce. hrinO'(~ ann inn1r;::!tnr fnr t-np l;:!rY)n 

Variac 
60 cps 
Push Push 
Mercury ,Cell Mercury ,Cell 
In456 
250 
!-Lfd 
Figure 13. Control box and inteJl3. Control box and interconnections. 
w 
~ 
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The bridge circuit is used to indicate accurately the voltage on 
the lamp and insure that it is set on the same voltage for each operation. 
Proper voltage is obtained on the lamp by turning on the power and 
advancing the variable transformer control until a null reading is 
indicated on the meter. The 'Ipush to set" switch must be depressed 
in making this adjustment. This switch was installed to prolong 
the life of the reference voltage source by having it connected into 
the circuit only while the setting is being made. 
The motor is a two-phase hysteresis synchronous motor turning 
at 3600 rpm. The motor rotates a disc having eleven equally spaced 
hole s so the light beam from the source is chopped at a frequency of 
3600xll 
60 = 660 cycles per second. This frequency was chosen as 
a compromise between increasing detector l/f noise at lower frequencies 
and decreasing detector output at higher frequencies. 
at 3600 rpm. The motor rotates a disc having eleven equally spaced 
holes so the light beam from the source is chopped at a frequency of 
3600xll 
60 = 660 cycles per second. This frequency was chosen as 
a compromise between increasing detector l/f noise at lower frequencies 
and decreasing detector output at higher frequencies. 
The purpose and characteristics of the collimating optics have 
been covered in the section on optics. 
The radiating source is mechanically mounted with a pivot point 
near the front and elevating and rotating screws in the rear. This 
permits critical adjustments to be made with relative ease. The 
spotting scope mounted above the collilnator facilitates rapid alignment 

Data and Reference Channel 
The data and reference channel is shown in the block diagram 
of Figure 14. 
Bandpas s Filters 
Receiver 106 91-1 Detector Manual Frequency 
and 
- - Selective -Optics 
Filter 
Control 
S stern 
1.3 
... 
--..;;:C;;."i0 __ ;o...;t;..;;~;;.;;;O=l;;..........,: - --J System ! 
91-1 
.~ 
.~ 
Pre-
amplifier 
Synchronous 
Rectifier 
Synchronous 
Rectifier 
.Attenuator A.mplifie r 
Integrating Output 
oil 
Circuit 
141 
Circuit 
Integrating Output 
oil 41 
Circuit Circuit 
Figure 14. Block diagram of the data and reference channel. 
... 
I 
~ 
A.s indicated in the block diagram, all of the electronic circuitry 
36 
is common to both channels. The reference and data filters are placed 
in the optical path on a time sharing basis. Provisions for automatic 
filter switching are included in the system; however, the desirability 
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diagram of Figure 15. The germanium detector used in this 
channel will function in either a photovoltaic or photoconductive 
mode. When operated as a photovoltaic detector, slow variations 
in the background light caused a shift in the operating point which 
decreased the sensitivity. This difficulty is almost wholly removed 
by operating in the photoconductive mode. The detector is a p-n 
junction diode which, when operated in the photoconductive mode, is 
reverse biased. In the absence of light the detector presents a 
very high resistance. When light is directed onto the junction, bound 
charges are given enough energy to become free current carriers 
and the resistance of the detector decreases. Since the incoming 
radiation has been chopped at the source, the pulses of energy 
produce an alternating output voltage from the preamplifier. This 
ac voltage is then passed through the manual attenuator to the 
charges are given enough energy to become free current carriers 
and the resistance of the detector decreases. Since the incoming 
radiation has been chopped at the source, the pulses of energy 
produce an alternating output voltage from the preamplifier. This 
ac voltage is then passed through the manual attenuator to the 
amplifier. The attenuator is manually controlled so that various path 
lengths and precipitable water concentrations can be easily accom-
modated. For a fixed installation the attenuator will be controlled 
by the reference signal to produce a constant reference output 
against which to compare the data signal. The circuitry of the 
attenuator, amplifier and synchronous rectifier is shown in Figure 16. 
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emission from the tungsten filament. It is desirable to obtain a 
maximum signal from this detector to insure a constant driving 
voltage to the synchronous rectifier. The circuit diagram for 
the synchronous rectifier drive channel preamplifier is shown in 
Figure 18. The output of the preamplifier is fed through an attenuator 
to the main amplifier section. The attenuator is manually adjusted 
to avoid overdriving the amplifier while providing a signal large 
enough to trigger the multivibrator. The block diagram in Figure 
19 shows the major divisions of the synchronous rectifier drive 
channel. 
Receive ---z--I'> Detector Manual Frequency 
Optics _ and I--A-4--4-'"' ........... +-~_ i.- Selective ~ 
19 shows the major divisions of the synchronous rectifier drive 
channel. 
R e c e i ve:r ---z--I'> 
Optics 
-
Detector Manual !Frequency 
and 
- Attenuator --
Selective 
Preamplifier Amplifier 
Sync Limiter and 
-
I-- Multivibrator ? 
hronous 
er Drive 
nal 
Rectifi 
Diffe rentiator Sig 
I 

15k <lOOk 
m7003 2200W,W.f I 
15k 1m 47k 
13 
+28 -f\A 
or; 
< 
<470k 12m< 
c 
2m 2200~~f 
V . rtf 
13k 
+28 
~100k ~470k 12m~ S130k I 6. BiJ.fd 
I ~ I J r 2n718 --
Output 
2k 
150k 
Figure 18. Schematic diagram of the synchl.tic diagram of the synchronous rectifier drive detector 
and preamplifier. ~amp1ifier. ~ 
VJ 
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The frequency selective amplifier is identical to that found in 
the data and reference channel. Details on the input and output circuitry 
are given in Figure 20. Since the frequency selective amplifier 
is identical to that of the data and reference channel, that part of 
Figure 16 is referred to in Figure 20 without being repeated. The 
output of the amplifier is fed first to a limiter and then differentiated 
to obtain spikes to trigger the multivibrator. By using a bi- stable 
multivibrator to drive the synchronous rectifier, the difficulties 
encountered using sine wave drive are eliminated. These difficulties 
include sensitivity to both amplitude and rise time of the driving signal. 
The operation of a synchronous rectifier is described by Moore 
(1962). The principal advantage of this system of rectification is 
the ability to detect and rectify small signals in a noisy background. 
The bandwidth is principally fixed by the time constant of the integrator 
encounLerea uSlng Slne wave arlve are ellITllna'teo. .Lnese QlIIlCu.U:les 
include sensitivity to both amplitude and rise time of the driving signal. 
The operation of a synchronous rectifier is described by Moore 
(1962). The principal advantage of this system of rectification is 
the ability to detect and rectify small signals in a noisy background. 
The bandwidth is principally fixed by the time constant of the integrator 
which must be used if a dc output is desired. Provisions for changing 
the time constant have been made so that various value s can be 
utilized until experience indicates an optimum value. 
Interconnections between the two amplifiers and power and 
attenuator circuits are shown in Figure 21. 
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Figure 20. Sche:matic diagra:m of the synchronousl.gra:m of the synchronous rectifier drive 
circuitry. 
6Sk ~I 
15k 
~ 
U1 

Test points sr Driv 
Output 
)etector and Preamp 
0.47 
mfd 
Power 
Connector 
v 
Gr 
Da 
0.47 
mfd 
Power 
Connector 
Data and 
Filter 
Block 
dc u/i 
+28 
Solenoid 
Figure 21. Schematic diagram of interconnectionflgram of interconnections in the receiver system. 
ac 
Timing 
Motor 
Control 
o mfd 
ch 

47 
EXPERIMENTAL RESULTS 
Laboratory Calibration 
A. laboratory calibration of the receiving system. was m.ade using 
a blackbody radiation source and an optical collim.ator. The 
calibration setup is shown in the block diagram. of Figure 22. 
-.. ----..... - Collim.ator Data and 
Reference 
Channel 
...... 1---.;;----
~~----~==========~ 
Receiver 
Synchronous 
Drive 
Signal 
Data and 
Reference 
Channel 
() ~ ... ..----s:: ~:-:r----;:::::::::::======~ - Collim.ator ----.;;-- ,.,..
~ Chopper?1 Synchronous 
Drive 
Receiver I Aperture "1 Signal ! ~----~~----.-~ 
Blackbody 
Radiator 
Figure 22. Block diagram. of the laboratory calibration setup. 
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the intensity of the radiated power was varied. The temperature 
of the blackbody was measured by an optical pyrometer to be 10100 C 
or 1283 0 K. Data were taken by observing the de output corresponding 
to each aperture setting. It was necessary to use the comparatively 
low temperature of 10100 C in order to decrease the intensity of the 
radiated power to a level which would not overload the amplifier. 
The manual attenuator was set for full attenuation (2.2 x 10- 4 ) during 
the entire calibration operation. Even under these conditions the 
signal caused distortion by overdriving the amplifier when the three 
largest apertures were used. The data obtained are tabulated in 
Table 5. 
Table 5. Laboratory calibration data. 
H" (1. 3 9 po) 
. ..------ --- ........ -- -- ...... 
largest apertures were used. The data obtained are tabulated in 
Table 5. 
Table 5. Laboratory calibration data. 
Aperture Area DC Output H" (1.39 po) 
(cm2 ) (volts) watts/crnZ 
4 .038 5.3 1.075xlO -7 
5 .020 2.2 5.63 x 10 -8 
6 .0097 1. 1 2. 74x 10 
(') 
-0 
7 .0041 0.5 1. 155 x 10- 8 
8 .00249 0.25 7.05 x 10 -9 

Values of ~ were calculated using 
~ = 
where 
3 -2 -1-1 N" = spectral radiance 7.468 ;: 10 watts cm ster 11. 
6./\ = bandwidth of the filter in cm = O. 1 J.l. 
A 
Fl 
A 
Fl 
= area of the aperture in cm2 
= focal length of the collimator in cm 
= solid angle subtended by the aperture (ster) 
The value of N" was taken from Pivovonsky (1961,. p. 315). 
The values of H{A) and corresponding de output values were 
measured with the amplifier signal reduced bv 2.2 x 10-4 in the 
~'1 = tocal length of the collimator in cm 
:-1 = solid angle subtended by the aperture (ster) 
The value of N" was taken from Pivovonsky (1961,. p. 315). 
The values of H{A) and corresponding de output values were 
measured with the amplifier signal reduced by 2.2 x 10-4 in the 
attenuator. Since the system is linear, it is reasonable to expect 
the minimum detectable signal to be smaller than those given above 
by the same factor. Allowing some signal loss due to reduced 
signal-to-noise ratio, the minir.aum detectable signal is estimated 
-8 _Lt. -12 -2 
to be 3. 0 x lOx 2 x 10 ... = 6 x 10 watts cm • If this value 
for ~ is used in Equations (6) and (7), maximum range values for 
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B t with all factors common to the two equations being omitted. This 
is permissible since, as is shown in Appendix B t all common factors 
cancel out in the final determination of water vapor content. 
reference ~ 
31.4 F rAoR 
= 2 
v
2 
(cm) 
(4) 
~ 
35.8 FdA 
°d = 2 
v 2 (cm) 
data (5) 
These equations are solved for v 2 in Equations (6) and (7). 
reference v 2 (em) 
f,j 3 1. 4 F rA 0 R 
= 
~ 
(6) 
data v 2 (em) 
J35.8 FdA 0 d 
= 
,J HA 
(7) 
l 
~ ,,_4_ 
f,j 3 1. 4 F rA 0 R 
reference v 2 (em) = 
~ 
(6) 
data v 2 (em) 
J35.8 FdA 0 d 
= 
,J HA 
(7) 
-12 
Using values of F dA and F rA from Figure 9, ~ of 6 x 10 watts 
em 
2 
t OR = .38 and 6 d = 0.95, predicted maximum ranges can be 
calculated for each channel. These values are given in Table 6. 
The values of range shown in Table 6 are optimistic for a 
number of reasons. Principally, that an idealized atmospheric 
path was utilized and additional system noise due to the high gain 

Lllated maximum range values for different water vales for different water vapor concentrations. 
Values 4 4~ v 2 = 2.38 x 10 t..IF" mete'2 = 2.38 x 10 F" meters V z = 1.41 x 10
4 
rJF" meters 
Temp 
F" at 1. 39 tJ. Vz ~" at 1.39 tJ. Vz F" at 1. 69 }J. V z pr em 
0 1.0 23,800 1.0 23,800 1.0 14, 100 
o. 1 0.523 17,200 ).523 17,200 0.996 14, 100 
0.5 0.222 11, ZOO ).222 11, 200 0.981 13, 900 
70°F 2.0 0.051 5,370 ).051 5,370 0.940 13,600 
100°F 5.0 0.011 2,500 ). all 2,500 0.876 13,200 
105°F 10.0 0.002 1,060 ).002 1,060 0.784 12,500 

52 
concentrations. Analysis of the data in Table 6 leads to the conclusion 
that the maximum possible range for the systelTI, as presently designed, 
is 14, 100 meters and is limited by the reference channel. As the 
wate r vapor concentration is increased beyond O. 5 pr em, the 
range become s limited by the data channel. 
Laboratory Operation 
In order to evaluate the complete system under controlled conditions, 
tw'o difficulties must be surmounted. First a relatively long path 
must be provided so that an appreciable amount of precipitable 
water will be suspended therein, and second, this water vapor 
concentration must be subject to control as desired. To satisfy 
the first requirement a series of mirrors were used to reflect the 
lif!ht beam back and forth aeros s the room. The second reauirement 
tw'o difficulties must be surmounted. First a relatively long path 
must be provided so that an appreciable amount of precipitable 
water will be suspended therein, and second, this water vapor 
concentration must be subject to control as desired. To satisfy 
the first requirement a series of mirrors were used to reflect the 
light beam back and forth aeros s the room. The second requirement 
was met by setting the system up in a temperature and humidity 
controlled room. The temperature of the room was under rigid 
control, whereas the humidity was varied and set only by the crude 
method of splashing water about the room and waiting for equilibrium 
conditions to prevail. The mirrors were positioned in the rOOlTI to 
provide a total path length of approximately 34 meters. Some difficulty 
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Data gathered in the experiment are tabulated in Table 7. Measurements 
of precipitable water for use as a reference were made using an 
Alnor "Dew Pointer" which accurately measures both dew point 
and ambient temperature at a particular point. This measurement 
is made by noting the pressure ratio between ambient pressure and 
the increased pressure required, such that the evaporative cooling 
upon sudden pressure release reduces the temperature of the sample 
to the dew point. 
The cooling is adiabatlc (no heat gained or lost) due to the 
rapidity of the pressure release. Observation of the dew point is 
made visually by noting the presence of condensed water droplets 
in the lighted observation chamber into which the sample is released. 
Temperature is measured directly by a platinum resistance and a 
cali brate d mete r. 
- 0 - ------------ ,---- ----- 0----- - -- ----, --- -- ---~ 
rapidity of the pressure release. Observation of the dew point is 
made visually by noting the presence of condensed water droplets 
in the lighted observation chamber into which the sample is released. 
Temperature is measured directly by a platinum resistance and a 
cali brate d mete r. 
These data were collected on different days and at different 
times. They are arranged in increasing order of water vapor 
concentration to facilitate inspection and plotting. 
The voltage ratio values and corl·esponding precipitable water 
concentration values are plotted in Figure 23. Also plotted in Figure 23 
are calculated ratios from Equation (8a) of Appendix B. The dis-

ooz .005 .01 .oz .05 o. 1 oz .05 o. 1 o"Z 0.5 1.0 z.o 
WATER VAPOR - pr em WATER VAPOR - pr em 
!'igure Z3. 
En 
Plot of calculated and measured values o~d and measured values of E vs pr em of water vapor. 
R 
5.0 
U"1 
~ 
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the general curve of Figure 7, whereas for improved accuracy, 
they should be obtained from a curve made for the specific detector 
used. The relatively good match between slopes of the two curves 
indicate that the system is operating properly. 
Table 7. Data collected in laboratory operation. 
Precipitable Water Voltage Ratio Dew Point in 34-rneter Path EDlER (pr cm) 
35° 
.018 1.39 
37° 
.0194 1.39 
39° .0208 1.28 
43.5° .0244 1. 18 
45.2° .0262 1.29 
50° _ O~ 1 Ll 
35° 
.018 1.39 
37° 
.0194 1.39 
39° .0208 1.28 
43.5° .0244 1. 18 
45.2° .0262 1.29 
50° .031 1. 1 
51° .032 1. 12 
52° .0334 1.0 
54.3° .0357 0.865 
55.2° .0374 0.828 
58.5° .0409 0.801 
59.8° .0435 0.805 
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Field Tests 
Preliminary field tests have been made over path lengths from 
t to 2 miles. Numerous difficulties were encountered in these 
operations, as is usual with new electronic equipment. For instance, 
it was found necessary to bias the detectors and operate them in 
the photoconductive IUode to eliminate background shifts. Also, the 
wide range of non- selective transmission conditions {nade it necessary 
to install an attenuator in each channel. A bistable multi vibrator 
circuit was designed into the synchronous rectifier drive channel 
to eliminate variations caused by changes in the alTIplitude of the 
dri ve signal. 
One further problem arose in trying to check data from the 
system versus actual conditions. This problen'l is basic in that the 
system measures an integrated value of precipitable water content, 
circuit was designed into the synchronous rectifier drive channel 
to eliminate variations caused by changes in the alTIplitude of the 
dri ve signal. 
One further problem arose in trying to check data from the 
system versus actual conditions. This problen'l is basic in that the 
system measures an integrated value of precipitable water content, 
whereas the Dew Pointer measures the value only at a specific 
point. If the assumption that the atmosphere is homogeneous is 
valid, a point measurement can readily be correlated with an integrated 
measurement; however, indications are that this assumption is not 
valid over the paths used in the preliminary investigation. This 
conclusion is supported by the fact that the early paths used were 
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water vapor concentration could be checked throughout its length, 
gave indications of producing data, although only about seven data 
points were taken before it was discovered that the reference filter 
was cracked. A replacelnent filter has been obtained, but no new 
field data are available at this time. 
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SUMNIARY AND CONCLUSIONS 
Field tests indicate that this method of making integrated 
precipitable water vapor measurements is practical. Tentative 
results indicate that the accuracy of the system is + • 005 pr cm 
at a concentration of • 01 pr cm and + • 02 pr cm at O. 1 pr em. 
Thes e accuracy figures should be significantly impf'oved as the 
system tmdergoes further tefts • 
The system has been operated over a path length of approxi-
mately one mile in cold weather conditions although this range 
will probably be reduced under high heat and humidity conditions. 
The natural variations in atmospheric conditions make repeatability 
checks rather difficult in the field. Laboratory tests have indicated 
the repeatability to be within + • 05 at anv Q'iven ra.tio. 
The system has been operated over a path length of approxi-
mately one mile in cold weather conditions although this range 
will probably be reduced under high heat and humidity conditions. 
The natural variations in atmospheric conditions make repeatability 
checks rather difficult in the field. Laboratory tests have indicated 
the repeatability to be within i . 05 at any given ratio. 
The construction and operation of the prototype instrument has 
suggested a number of possible improvements. The most significant 
of these are: 
1.. The field of view of the receiver should be narrowed by 
using an optical system similar to that used at the radiating source. 
This will increase the signal-to-noise ratio and thus give more 

3. The filter changing mechanism should be reITlounted to 
assure more reliable operation. 
4. Various additional filters should be obtained so that 
extremes in path length and water vapor concentration can be 
accon1.modated. 
5. Monitoring meters should be installed on the receiver to 
assure proper adjustment. 
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Appendix A 
The equation giving the intensity of radiant energy at the receiver 
is derived as follows: 
The power radiated from the source is 
(la) 
where 
= spectral radiance at the frequency of the receiver filter 
-2 -1 -1 in watts cm ster micron 
= bandwidth of the filter in microns 
E = radiant emissivity (a numeric) 
where 
= spectral radiance at the frequency of the receiver filter 
-2 -1 -1 in watts cm ster micron 
= bandwidth of the filter in microns 
E = radiant emissivity (a numeric) 
= area of the source 
of this radiance the collimating mirror intercepts Am Iv 12 ster so 
that the power radiated from the mirror is 
N 
m 
watts (Za) 

A f h . . 2 = area 0 t e mlrror ln em 
m 
VI = focal length of the mirror in em 
The assumption is made that the filament is located at the 
focal point of the mirror 
As this radiant energy travels to the receiver it diverges. 
over an ever increasing area, such that at t.he 1~eceiver the area 
covered is 
where 
= distance between source and receiver in cm 
where 
= distance between source and receiver in cm 
At the receiver the power per unit area becomes 
= (3a) 
Equation (3a) gives the spectral irradiance at the detector in 
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multiplying factors. Vlith all of these factors taken into account 
the result is given in Equation (4a). 
(4a) 

= detector re sponse at the reference channel wavelength 
~0.38 
G 
e 
= detector response at the data channel wavelength 
~0.95 
= amplifie r gain 
= all non- selective attenuation 
= synchronous rectifier transfer function 
= distance from source to receiver in centimeters 
when Equation (6a) is divided by Equation (5a) the result is 
= 
35.8 F n'A on 
31.4 FRA oR 
Substituting values for oR (0.38) and ° n (0. 95). combining all 
constant factors and solving for F D'A gives 
= 
35.8 F n'A on 
31.4 FRA oR 
Substituting values for oR (0.38) and on (0.95). combining all 
constant factors and solving for F D'A gives 
(7a) 
(7a) 
(Sa) 
The val ue of F R'A is one up to about. 01 pr cm of water vapor. 
Beyond that point it decreases slowly with increasing water vapor 
concentration. Thus, values of F D'A should be corrected for this 
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